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Available online 9 June 2012AbstractParacoccidioides brasiliensis is a pathogenic, dimorphic fungus that causes paracoccidioidomycosis, a systemic human mycosis that is highly
prevalent in Latin America. In this study, we demonstrated that P. brasiliensis yeasts induced interleukin (IL)-8 and IL-6 secretion by human
lung epithelial A549 cells. However, tumor necrosis factor-a and interferon-g were undetectable in these cultures. Moreover, P. brasiliensis
yeasts induced activation of p38 mitogen-activated protein kinase (MAPK), c-Jun NH2-terminal kinase (JNK) and extracellular signal-regulated
kinase (ERK) 1/2 in A549 cells, and IL-8 and IL-6 secretion promoted by this fungus was dependent on activation of p38 MAPK and ERK 1/2.
In addition, IL-8 and IL-6 levels were significantly higher in culture supernatants of A549 cells that were incubated with formaldehyde-fixed P.
brasiliensis compared to cultures of cells that were infected with live yeasts. Our results indicate that the observed cytokine level differences
were due to protease expression, in live yeasts, that degraded these cytokines. Degradation of human recombinant IL-8 and IL-6 by live P.
brasiliensis was inhibited by AEBSF and aprotinin, suggesting that these proteases belong to a family of serine proteases. This is the first report
showing that P. brasiliensis may modulate host inflammation by expressing proteases that degrade proinflammatory cytokines.
 2012 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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The dimorphic fungus Paracoccidioides brasiliensis is the
etiological agent of paracoccidioidomycosis (PCM), which is
the most prevalent systemic fungal infection in Brazil and is
also present in some other Latin America countries
(Venezuela, Colombia, Ecuador and Argentina) [1e3]. An
estimated 10 million people are infected with this fungus, and
1e2% of infected individuals will develop PCM [1,3]. Clini-
cally, this mycosis is often characterized by a slow and
progressive disease, predominantly affecting lungs and* Corresponding author. Tel./fax: þ55 11 5571 1095.
E-mail address: erika.suzuki@unifesp.br (E. Suzuki).
1286-4579/$ - see front matter  2012 Institut Pasteur. Published by Elsevier Ma
http://dx.doi.org/10.1016/j.micinf.2012.05.016mucocutaneous tissue. In some cases, the disease disseminates
throughout the patient’s body, infecting central nervous
system, adrenal glands, lymph nodes, liver, spleen and other
organs [3,4].
Pulmonary epithelial cells constitute one of the first lines of
defense against inhaled particles or microorganisms. These
cells are able to secrete cytokines and chemokines, indicating
that epithelial cells also play an important role in host innate
immunity [5,6]. Several studies were performed with bacteria
showing that this response is somewhat species-specific,
because different cytokine secretion profiles are observed
depending on the pathogen studied. For example, Chang et al.
[7] showed that Legionella pneumophila induces secretion of
interleukin (IL)-8, IL-6 and tumor necrosis factor-alpha (TNF-sson SAS. All rights reserved.
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pneumoniae also promotes IL-8 and TNF-a secretion, but IL-6
and interferon-g (IFN-g) levels are not increased during M.
pneumoniae-A549 cell interaction [8]. However, the interac-
tion of Mycobacterium tuberculosis with these epithelial cells
causes an increase in IFN-g levels [9].
Cytokine secretion was also evaluated during fungus-
epithelial cell interaction, and these reports are mostly
focused on Candida albicans and Aspergillus fumigatus.
Several groups have demonstrated that C. albicans induces
secretion of IL-1a/b, IL-6, granulocyte-colony stimulating
factor (G-CSF), granulocyte/macrophage colony stimulating
factor (GM-CSF), IL-8, TNF-a and RANTES by oral epithelial
cells (see review Ref. [10]). Regarding A. fumigatus, different
groups have demonstrated that proteases or germinating conidia
ofA. fumigatus induce the secretion of IL-8 by bronchial or lung
epithelial cell lines [11,12]. In addition, Balloy et al. [11]
verified that IL-8 synthesis in human bronchial epithelial cells
(BEAS-2B), during A. fumigatus infection, is dependent on the
activation of phosphatidylinositol 3-kinase (PI3K) and
mitogen-activated protein kinases (MAPKs) such as p38
MAPK and extracellular signal-regulated kinase 1/2 (ERK 1/2).
Pathogens may promote activation of one or more of the
three subfamilies of MAPKs (p38 MAPK, ERK and c-Jun
NH2-terminal kinase e JNK) in epithelial cells, and this cell
signaling is frequently related to secretion of cytokines and
chemokines. Recently, Schmeck et al. [13] demonstrated that
L. pneumophila induces the secretion of at least 10 cytokines
by A549 cells. These authors verified that secretion of most of
these cytokines (IL-4, IL-6, IL-8, IL-17, monocyte chemo-
attractant protein-1 e MCP-1, TNF-a, IL-1b and IFN-g) is
dependent on p38 MAPK activation, while secretion of a few
of them (IFN-g, IL-1b, IL-6 and TNF-a) is dependent on ERK
1/2 activation. Regarding IL-8 secretion, Carmona et al. [14]
demonstrated similar results with Pneumocystis carinii cell
wall b-glucans (PCBG). They showed that PCBG promotes
IL-8 secretion by human airway epithelial cells (1HAEo),
which is dependent on activation of p38 MAPK and ERK 1/2
but independent of JNK activation. On the other hand, IL-8
secretion by human intestinal epithelial cells (INT-407)
infected with enteroaggregative Escherichia coli is dependent
on JNK activation, in addition to p38 MAPK and ERK 1/2
activation [15]. Taken together, these results indicate that
secretion of a specific cytokine (e.g. IL-8) by epithelial cells
depends on different MAPK pathways that are activated
according to epithelial cell type and pathogen species,
reflecting, in this manner, the interaction between distinct host
receptors and pathogen molecules.
In addition to exploiting host cell signaling, some patho-
gens, such as Porphyromonas gingivalis, may also manipulate
host immune system by secreting proteases, which can
degrade cytokines, chemokines, immunoglobulins, comple-
ment components or cytokine receptors (see review Ref. [16]).
Only Candida sp. and A. fumigatus have been described as
fungal microorganisms that express proteases that degrade
proteins of host immune system, specifically of the comple-
ment system [17].Recently, we observed that P. brasiliensis yeasts promote
activation of ERK 1/2 during early interaction of this fungus
with human lung epithelial A549 cells [18]. In the present
study, we first analyzed whether P. brasiliensis induced
secretion of proinflammatory cytokines by A549 cells. We also
verified the involvement of different MAPKs in modulating P.
brasiliensis-induced cytokine release by these epithelial cells.
Finally, we showed that P. brasiliensis yeasts express proteases
that are able to degrade cytokines.
2. Materials and methods2.1. Fungal growth conditionsP. brasiliensis, strain Pb18, was kindly provided by Dr.
Zoilo P. Camargo, Sa˜o Paulo, Brazil. Yeasts were grown as
described previously [19]. Briefly, fungal aliquots were culti-
vated in PGY (neopeptone 5 g/l, glucose 15 g/l, yeast extract
5 g/l, asparagine 1.4 g/l and thiamine 0.1 g/l) for 5e7 days in
an incubator shaker at 37 C, 100 rpm.2.2. A549 cell cultureHuman lung epithelial cell line A549 was grown in Dul-
becco’s Modified Eagle’s Medium (DMEM) (Sigma, USA)
supplemented with 10% fetal bovine serum (FBS) (Vitrocell
Embriolife, Brazil), 10 mM HEPES, 100 U/ml penicillin and
100 mg/ml streptomycin (complete DMEM) at 37 C, 5% CO2.2.3. Preparation of P. brasiliensis yeasts for interaction
assays with A549 cells or incubation with recombinant
IL-6 or IL-8First, P. brasiliensis yeasts, grown for 5e7 days, were
decanted for 30 min. The resultant supernatant contained only
single mother and small daughter yeasts. Then, yeasts were
washed four times with PBS (10 mM sodium phosphate buffer,
pH 7.2, containing 150 mM NaCl). Depending on the assay,
yeasts were then fixed, heat-killed or kept alive. To prepare
live yeasts of P. brasiliensis, yeasts were washed two more
times with DMEM. For formaldehyde-fixed yeasts, P. brasi-
liensis was fixed with PBS containing 4% formaldehyde for
10 min, washed twice with PBS, and then washed twice with
DMEM. For heat-killed yeasts, yeasts were incubated at 80 C
for 2 h, and then washed twice with DMEM. Next, yeasts were
resuspended in DMEM and incubated with A549 cells or
human recombinant (hr) IL-6 or IL-8 as described in items
2.4e2.6. Efficiency of killing P. brasiliensis yeasts by form-
aldehyde or heat was confirmed by the inability of these fungi
to grow in PGY.2.4. Analysis of MAPKs activation during the interaction
of A549 cells with P. brasiliensisApproximately 2.0  106 A549 cells were cultured in
100 mm plates with complete DMEM. After 1 day, cells were
incubated overnight in FBS-free DMEM to decrease basal
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with 2.0  107 formaldehyde-fixed or live P. brasiliensis
yeasts for 0, 3, 5, 10, 15, 30, 60 or 180 min. In these culture
conditions, a multiplicity of infection (MOI) of 2.5 yeasts/
A549 cell was used. After incubation with P. brasiliensis,
A549 cells were harvested and lysed with M-PER (Pierce,
USA) as described previously [18]. Protein content in samples
was measured with Micro BCA Protein Assay Kit (Pierce,
USA) according to the manufacturer’s instructions.
Ten to 30 mg of protein were loaded per well in 10% SDS-
PAGE gels, and then evaluated by Western blot as described
previously [18], using anti-Phospho (P)-ERK 1/2 (Thr202/
Tyr204) (Cell Signaling, USA), anti-P-p38 MAPK (Thr180/
Tyr182) (Cell Signaling, USA), anti-P-JNK (Thr183/Tyr185)
(Cell Signaling, USA) or anti-b-actin (Sigma, USA). Reactive
proteins were detected using a chemiluminescence reagent
(SuperSignal West Pico Chemiluminescent Substrate, Pierce,
USA) and G-BOX HR16 System (Syngene, UK). For protein
quantification, densitometric analyses were performed using
Scion Image (Scion Corporation, USA).2.5. Analysis of cytokine concentration in supernatant of
A549 cells during incubation with P. brasiliensisApproximately 1.5  105 A549 cells were cultured in six-
well plates with complete DMEM. After 1 day, A549 cells
were maintained overnight in FBS-free DMEM. A549 cells
were then washed three times with FBS-free DMEM and
incubated with 1.5  106 formaldehyde-fixed or live
P. brasiliensis yeasts for 5, 24, 48 or 72 h. A start MOI of 2.5
was used in these culture conditions. After incubation with
P. brasiliensis, culture supernatants were collected, centri-
fuged to remove fungi and stored at 20 C. Concentrations of
IL-6, IL-8, TNF-a or IFN-g in these supernatants were
determined using Quantikine Sandwich ELISA kits (R&D
Systems, USA), according to the manufacturer’s instructions.
For some of the experiments, A549 cells were incubated for
2 h with FBS-free DMEM containing 50 mM SB203580
(inhibitor of p38 MAPK activation, Calbiochem, USA);
50 mM PD98059 (inhibitor of ERK 1/2 pathway activation,
Sigma, USA); 1, 10 or 25 mM SP600125 (inhibitor of JNK
activation, Calbiochem, USA); or 0.25% DMSO (used as
vehicle for kinase inhibitors). Next, live or formaldehyde-fixed
P. brasiliensis yeasts were added to the cultures and incubated
in the presence of inhibitors for 24 h. Concentrations of IL-6
and IL-8 in supernatants of A549 cells that were incubated
with yeasts and inhibitors were measured with Quantikine
kits as described above.
A549 cell viability was measured by MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay
as described previously [18]. Briefly, A549 cells were incubated
in the presence or absence of 50 mM PD98059, 50 mM
SB203580 or 1e50 mM SP600125 for 2 h. Live or
formaldehyde-fixed P. brasiliensis yeasts were added. After
24 h, A549 cells were washed with DMEM without phenol red
and incubated with the same medium containing 0.5 mg/ml
MTT. After 2.5 h, medium was removed, and formazan wassolubilizedwith 200 ml of DMSO. Cell viability was determined
at 540 nm with Multiskan MCC/340 (Labsystems, USA)
microplate reader. DMSO solution was used as blank reference.
Statistical significance was evaluated using Student’s t test.
p < 0.05 or p < 0.01 were considered significant.2.6. Analysis of proteolytic degradation of human
recombinant IL-6 and IL-8 by P. brasiliensisFor these experiments, P. brasiliensis yeasts were prepared
as described in item 2.3. Approximately 5.0  105 live,
formaldehyde-fixed or heat-killed yeasts were resuspended in
15 ml of DMEM and incubated with 100 ng of hr IL-6 or IL-8
(Life Technologies, USA) overnight at 37 C.
For some of the experiments, 5.0  105 live P. brasiliensis
yeasts were incubated at 37 C with DMEM containing 5 mM
AEBSF (4-[2-aminoethyl]benzenesulfonyl fluoride hydro-
chloride), 500 mM leupeptin, 20 mM pepstatin A, 5 mM
EDTA, 30 mM E-64 (trans-epoxysuccinyl-L-leucylamido-[4-
guanidino]butane), a mixture of 0.009% benzyl alcohol and
0.009% NaCl (BA solution) or 12.5 mg/ml aprotinin in BA
solution. All of the protease inhibitors were purchased from
Sigma (USA). After 15 min, 100 ng of hrIL-6 or hrIL-8 was
added to live yeasts plus inhibitors and incubated for 4 h at
37 C.
After incubating cytokines with P. brasiliensis, samples
were centrifuged, and supernatants were collected and sub-
jected to SDS-Tricine PAGE [20]. Cytokine degradation was
evaluated by Western blot as described in item 2.4, using
horseradish peroxidase-conjugated anti-IL-6 or -IL-8 anti-
bodies (R&D Systems, USA).
3. Results3.1. Secretion of IL-6 and IL-8 by human lung epithelial
cells during interaction with P. brasiliensisTo evaluate whether P. brasiliensis stimulates secretion of
proinflammatory cytokines by epithelial cells, human lung
epithelial cell line A549 was incubated with live P. brasiliensis
yeasts for different time periods, and concentrations of IL-6
and IL-8 in these culture supernatants were analyzed by
ELISA. We verified that concentration of IL-6 and IL-8 in
A549-live yeast (LY) culture supernatants significantly
increased in a time-dependent manner (up to 72 h), and the
rise in IL-6 levels was more evident than of IL-8 levels. In
fact, IL-6 concentration increased up to 4.7-fold over control
levels after 72 h of A549-live yeasts interaction, while IL-8
levels only increased 1.5-fold under the same conditions
(Fig. 1, gray bars).
Using inhibitors of different MAPKs, one of our aims was to
analyze whether the activation of these kinases in A549 cells is
essential for cytokine release during P. brasiliensis infection.
Because treatment with these inhibitors could also affect fungal
cell signaling, which could give us misleading results, initially,
we decided to use formaldehyde-fixed P. brasiliensis yeasts for
these experiments. The first step was to analyze whether
Fig. 1. Concentration of IL-6 and IL-8 in the supernatants of A549 cells during
incubation with P. brasiliensis. A549 cells were incubated with live (LY) or
formaldehyde-fixed (FY) P. brasiliensis yeasts (fungal/epithelial cell MOI of
2.5:1) for the indicated time periods. Supernatants were collected, and IL-6
and IL-8 secretion was determined by ELISA. Controls (C) were performed
in the absence of yeasts. Values represent the mean of triplicate
experiments  the standard deviation. *, p < 0.01 compared to C of each time
period. #, p < 0.01 compared to LY of each time period. Similar results were
obtained from three independent experiments.
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IL-8 release by A549 cells. Surprisingly, IL-6 and IL-8 levels
were significantly higher in culture supernatants of A549 cells
incubated with formaldehyde-fixed yeasts (FY) than in super-
natants from cultures of A549 cells incubated with liveFig. 2. Activation of ERK 1/2, p38 MAPK and JNK during interaction of A549
incubated with live (LY) or formaldehyde-fixed (FY) P. brasiliensis yeasts (fung
(P)-ERK 1/2, P-p38 MAPK and P-JNK were then analyzed by Western blot. b-ac
pendent experiments.P. brasiliensis (LY) (Fig. 1). Moreover, the differences in IL-8
levels were most remarkable. For example, after 48 h of
A549-P. brasiliensis interaction, IL-6 levels in culture super-
natant of A549-formaldehyde-fixed yeasts were 1.7-fold
significantly higher than in supernatant of A549-live yeasts.
Under the same conditions, IL-8 concentration in culture
supernatant of A549-formaldehyde-fixed yeast was 3.6-fold
significantly higher than in A549-live yeast supernatant.
Together, these results demonstrate that P. brasiliensis
promotes IL-6 and IL-8 release by epithelial cells. However,
the concentration of these cytokines present in culture super-
natants is modulated by other fungal factors related to P.
brasiliensis viability, because higher IL-6 and IL-8 levels were
detected in A549-formaldehyde-fixed yeast cultures. IFN-g
and TNF-a were not detected in culture supernatants of A549-
formaldehyde-fixed or -live yeasts (data not shown).
MTT assay was performed to evaluate A549 cell viability in
the presence of live or formaldehyde-fixed P. brasiliensis.
Compared to A549 cells cultured in absence of fungi, we
verified that there was a 5% decrease in epithelial cell viability
when A549 cells were incubated for 24 h with formaldehyde-
fixed or live P. brasiliensis yeasts. Cell viability decreased by
35% when A549 cells were incubated for 48 h with either
formaldehyde-fixed or live yeasts. After 72 h, live and
formaldehyde-fixed yeasts decreased A549 cell viability by
46% and 70%, respectively. Following experiments, such as
kinase activation evaluation (Fig. 2) and assays with kinase
inhibitors (Fig. 3) were performed incubating epithelial cells
with yeasts for up to 24 h, a condition in which more than 95%
of A549 cells were viable.3.2. Activation of MAPKs in A549 cells during
interaction with P. brasiliensisBecause the activation of different MAPKs is involved in
epithelial cell cytokine secretion, we used Western blot anal-
ysis to determine whether live or formaldehyde-fixedcells with live or formaldehyde-fixed P. brasiliensis yeasts. A549 cells were
al/epithelial cell MOI of 2.5:1) for the indicated time periods, and Phospho
tin was used as protein loading control. Blots are representative of five inde-
Fig. 3. Effects of inhibitors of ERK 1/2 and p38 MAPK activation on IL-6 or
IL-8 secretion by A549 cells during incubation with P. brasiliensis. A549 cells
were incubated in the presence or absence of an ERK 1/2 pathway inhibitor
(PD98059) or a p38 MAPK inhibitor (SB203580) and then with
formaldehyde-fixed P. brasiliensis yeasts (FY) (fungal/epithelial cell MOI of
2.5:1) for 24 h. IL-6 and IL-8 secretion was determined by ELISA. Values
represent the mean of triplicate experiments  the standard deviation. *,
p < 0.01 compared to A549 cells in the absence of FY and inhibitor. #,
p < 0.01 andA, p < 0.05 compared to A549 cells incubated with FY in the
absence of an inhibitor. Similar results were obtained from two independent
experiments.
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activation in A549 cells. As expected, live yeasts induced
a strong and transient activation of ERK 1/2, as shown
previously [18] (Fig. 2). A similar activation profile of ERK 1/
2 was observed in A549 cells that were incubated with
formaldehyde-fixed yeasts (Fig. 2).
Compared to ERK 1/2, activation profiles of p38 MAPK
and JNK were also transient during A549-P. brasiliensis
interaction, and detection of strong activation of p38 MAPK or
JNK started always later than ERK 1/2 activation (Fig. 2).
By densitometric analysis of kinase activation peaks, we
verified that live and formaldehyde-fixed yeasts promoted an
increase in ERK 1/2 activation in A549 cells after 15 min by at
least 5.1- and 8.5-fold over basal levels, respectively.
After a 15 min incubation, live and formaldehyde-fixed
P. brasiliensis yeasts induced an increase in p38 MAPK acti-
vation in A549 cells by at least 3.1- and 4.2-fold over basal
levels, respectively. Incubation for 15 min of live and 30 min
of formaldehyde-fixed P. brasiliensis promoted an increase of
JNK activation in A549 cells by at least 3.4- and 6.5-fold over
basal levels, respectively.3.3. Effects of MAPKs inhibitors on cytokine secretion
by A549 cells during P. brasiliensis interactionPD98059 (inhibitor of ERK 1/2 pathway activation),
SB203580 (inhibitor of p38 MAPK activation) and SP600125
(inhibitor of JNK activation) were used to evaluate the
importance of these MAPKs on A549 cell cytokine secretion
during interaction with formaldehyde-fixed P. brasiliensis
yeasts.
As shown in Fig. 3, SB203580 significantly reduced 57% of
IL-6 and 70% of IL-8 levels in culture supernatants of A549
cells incubated with fixed fungus. We verified that PD98059
also reduced 21% of IL-6 and 48% of IL-8 levels under the
same conditions. Taken together, these results indicate that
IL-6 and IL-8 secretion by A549 cells is dependent on the
activation of p38 MAPK and ERK 1/2 induced by
formaldehyde-fixed P. brasiliensis.
A549 cell viability was verified by MTT assay. More than
94% of A549 cells were viable in the presence of
formaldehyde-fixed P. brasiliensis yeasts and SB203580 or
PD98059, and no morphology changes were observed. Optical
density values from MTT assays were as follows: i)
1.66  0.43 for A549 cells cultured in the absence of
P. brasiliensis and inhibitors; ii) 1.60  0.29 for A549 cells
cultured in the absence of SB203580 and PD98059 and the
presence of formaldehyde-fixed P. brasiliensis; iii)
1.56  0.21 for 50 mM SB203580-treated A549 cells in the
presence of fixed yeasts; and iv) 1.62  0.14 for 50 mM
PD98059-treated A549 cells in the presence of fixed yeasts.
Assays with SP600125 were also performed, but incubation of
A549 cells with this inhibitor and P. brasiliensis yeasts
impaired epithelial cell viability. Optical density values
from MTT assays performed in the presence of
formaldehyde-fixed P. brasiliensis yeasts were as follows: i)
1.85  0.16 for A549 cells in the absence of SP600125; ii)
1.56  0.16 for 1 mM SP600125-treated A549 cells;
iii) 1.22  0.16 for 10 mM SP600125-treated A549 cells; iv)
1.08  0.04 for 25 mM SP600125-treated A549 cells; and v)
1.02  0.06 for 50 mM SP600125-treated A549 cells. Despite
a loss in A549 cell viability in the presence of SP600125 and
P. brasiliensis, this kinase inhibitor was used to evaluate the
importance of JNK on cytokine secretion by A549 cells during
interaction with formaldehyde-fixed yeasts. Treatment with
SP600125 reduced IL-6 and IL-8 levels in these culture
supernatants (data not shown). However, the reduction in IL-6
and IL-8 levels that was induced by SP600125 (1e25 mM)
correlated with a decrease in A549 cell viability in the pres-
ence of this inhibitor. For example, 10 mM SP600125 impaired
A549 cell viability by approximately 34% and reduced 36% of
IL-6 levels in culture supernatants of A549 cells incubated
with fixed P. brasiliensis.
During A549 cell interaction with live P. brasiliensis
yeasts, MAPKs inhibitors were also used to evaluate the
importance of these kinases on cytokine secretion. In these
experiments, none of the inhibitors (PD98059, SB203580 and
SP600125) were able to reduce IL-6 and IL-8 levels in culture
supernatants of A549 cell-live fungus (data not shown).
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by P. brasiliensis yeastsFig. 5. Effects of protease inhibitors on hrIL-6 and hrIL-8 degradation by
P. brasiliensis. 100 ng of human recombinant (hr) IL-6 or IL-8 was incubated
in the absence () or presence (þ) of live P. brasiliensis yeasts (Pb) pretreated
with AEBSF (AE), benzyl alcoholþ NaCl (used as a control for aprotinin) (*),
aprotinin (AP) or leupeptin (LE). Next, hrIL-6 and hrIL-8 present in the
supernatant were detected by Western blot. Arrows show intact IL-6 and IL-8.
Blots are representative of two independent experiments.As shown in Fig. 1, we verified that IL-6 and IL-8 levels
were lower in A549-live yeast cultures compared to cultures of
A549-formaldehyde-fixed P. brasiliensis yeasts. We presumed
that these results could be because of the ability of live yeasts
to express proteases that degrade IL-6 and IL-8. To test this
hypothesis, we incubated hr IL-6 (hrIL-6) or IL-8 (hrIL-8)
with live P. brasiliensis yeasts, and then analyzed the degra-
dation profile of these cytokines by SDS-Tricine PAGE and
Western blot.
Fig. 4 shows that overnight incubation with live yeasts (LY)
promoted the degradation of hrIL-6 and hrIL-8, with a disap-
pearance of intact hrIL-6 (21.3 kDa) or hrIL-8 (8.9 kDa) and
the generation of lower molecular mass products. Moreover,
heat-killing of P. brasiliensis yeasts (HKY) abolished degra-
dation of hrIL-6 and hrIL-8. We also verified that yeast fixa-
tion with formaldehyde (FY) abrogated only hrIL-6
degradation, and did not affect surprisingly hrIL-8 cleavage.
The hrIL-6 or hrIL-8 was then incubated in the presence of
live P. brasiliensis yeasts and several protease inhibitors.
Degradation of hrIL-6 by live yeasts was completely abolished
by 500 mM of leupeptin, an inhibitor of serine and cysteine
proteases, and by 5 mM of AEBSF and 12.5 mg/ml of aprotinin,
both inhibitors of serine proteases (Fig. 5). Only AEBSF
completely abrogated hrIL-8 degradation. Aprotinin partially
inhibited hrIL-8 degradation, while leupeptin did not have an
effect on this proteolysis (Fig. 5). Neither pepstatin A (20 mM),
an inhibitor of aspartic acid proteases, EDTA (5 mM), an
inhibitor of metalloproteases, nor E-64 (30 mM), an inhibitor of
cysteine proteases, were able to inhibit the degradation of hrIL-
6 or hrIL-8 by live P. brasiliensis yeasts (data not shown).
Together, these results clearly show that P. brasiliensis
yeasts express proteases that degrade IL-6 and IL-8. Because
only hrIL-6 degradation by yeasts is inhibited by leupeptin and
formaldehyde fixation, it seems that there are at least two
proteases degrading these cytokines.
4. Discussion
The concept of epithelial function acting only as a physical
barrier is obsolete, since it is accepted today that epitheliumFig. 4. IL-6 and IL-8 degradation by P. brasiliensis. 100 ng of human
recombinant (hr) IL-6 or IL-8 was incubated overnight in the absence () or
presence of live (LY), formaldehyde-fixed (FY) or heat-killed (HKY) yeasts of
P. brasiliensis at 37 C. Next, hrIL-6 and hrIL-8 present in the supernatant
were detected by Western blot. Arrows show intact hrIL-6 and hrIL-8. Blots
are representative of two independent experiments.presents more complex biological roles that are highly
dynamic and multifunctional. One example is the rapid
response to pathogens with production of several mediators,
such as cytokines and chemokines, which contribute to host
immune system regulation [5,6].
In the present work, we describe that live and
formaldehyde-fixed P. brasiliensis yeasts induced the secretion
of the proinflammatory cytokine IL-6 and the chemokine IL-8
by A549 lung epithelial cells. TNF-a and IFN-g levels were
undetectable in these cultures, although other microorganisms
are able to promote the secretion of these cytokines by A549
cells. In fact, different pathogens promote the expression of
distinct cytokine profiles in the same epithelial cell line. For
example, bacteria such as L. pneumophila and M. pneumoniae
induce secretion of IL-8 and TNF-a by A549 cells, but IL-6
levels are only increased in A549-L. pneumophila culture
supernatants [7,8]. While these two bacteria do not promote
expression of IFN-g in A549 cells [7,8], M. tuberculosis can
induce secretion of this cytokine [9]. Recently, Reihill et al.
[21] showed that while A. fumigatus conidia induced IL-6 and
IL-8 secretion by human bronchial epithelial cells, C. albicans
did not alter the levels of these cytokines in these cells.
Although differences in cytokine profiles may be a result of
the diversity in pathogen infection mechanisms and despite
Mendes-Giannini et al. [22] described that P. brasiliensis
yeasts invade A549 cells, we did not observe any invasion of
live or fixed P. brasiliensis yeasts in A549 cells. This
discrepancy regarding P. brasiliensis invasion may be because
of the fungi/epithelial cell ratio as we used 2.5 yeasts/A549
cell and Mendes-Giannini et al. used 30 yeasts/A549 cell. In
this manner, cytokine secretion by A549 cells may primarily
be a result of the interaction among fungal molecules and
epithelial cell receptors rather than from P. brasiliensis inva-
sion in these epithelial cells.
The peculiar interaction among pathogen components and
host cell receptors leads to activation of downstream cell
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culminating in a particular cell event such as cytokine secre-
tion, expression of receptors or pathogen adhesion and uptake.
The subfamilies of MAPKs (p38 MAPK, JNK and ERK,
which includes ERK 1/2) are serine/threonine kinases, which
are important for cytokine secretion by epithelial cells during
infection [11,13,14,23e26]. Recently, we demonstrated that
live P. brasiliensis yeasts induce a transient activation of ERK
1/2 in A549 cells [18]. Here, we demonstrated that both
formaldehyde-fixed and live yeasts of this fungus promoted
similar activation profiles of ERK 1/2, p38 MAPK and JNK in
A549 cells. In addition, we verified that treatment of A549-
formaldehyde-fixed P. brasiliensis cultures with inhibitors of
ERK 1/2 activation (PD98059) and p38 MAPK activation
(SB203580) significantly decreased IL-6 and IL-8 secretion,
thus indicating that interaction of P. brasiliensis yeasts with
A549 cells leads to activation of ERK 1/2 and p38 MAPK and,
consequently, to secretion of these cytokines. Activation of
JNK is also important for cytokine secretion in some infection
models [15]. Although P. brasiliensis yeasts induced JNK
activation in A549 cells, we were not able to determine
whether this kinase is important for cytokine secretion because
of the difficulties in determining whether the reduction in IL-6
and IL-8 levels was caused by a loss of A549 cell viability or
by the inhibition of JNK activation. NF-kB transcription
factors are other cell signaling molecules that may be impor-
tant for IL-6 and IL-8 secretion by A549 cells. Many patho-
gens, such as E. coli and L. pneumophila, promote IL-8
secretion by activating MAPKs and NF-kB in epithelial cells
[13,27]. Activation of NF-kB pathway by P. brasiliensis and
role of this transcription factor in cytokine secretion by A549
cells are under investigation in our laboratory.
We also evaluated the importance of MAPKs on cytokine
secretion during interaction of A549 cells with live P. brasi-
liensis yeasts. In this case, none of the inhibitors (PD98059,
SB203580 and SP600125) were able to reduce IL-6 and IL-8
levels in these culture supernatants (data not shown). A
hypothesis that may explain these results is the effect of these
kinase inhibitors on live P. brasiliensis. Few groups have
shown some effects of PD98059 in C. albicans. Mallory and
Craven [28] showed that fluconazole increased the transcrip-
tion level of damage resistance protein 1 (Dap1), which is
important for ergosterol synthesis and is under the control of
MAPK Hog 1p in C. albicans. These authors also demon-
strated that PD98059 inhibited Dap1 level increase. Woolley
et al. [29] showed that C. albicans, exposed to simulated
microgravity, presented increased filamentation that was also
reverted by PD98059. Although Gala´n-Dı´ez et al. [30] did not
use kinase inhibitors, they demonstrated that C. albicans cek1
mutants, which are defective in the MAPK Cek 1 (C. albicans
ERK-like 1), showed enhanced b-glucan exposure, triggering
a more efficient cytokine secretion by human monocyte-
derived dendritic cells when compared to wild type fungi.
Therefore, these C. albicans data indicate that fungal MAPKs
are important for cell wall/membrane organization, and the
expression levels of some fungal surface molecules (i.e.,
ergosterol and glucans) may be changed by MAPK inhibitors.In this manner, the equivalent IL-6 and IL-8 levels observed in
culture supernatants of A549 cells incubated with live
P. brasiliensis in both the presence or absence of kinase
inhibitors may be a result of the balance between i) the effect
of kinase inhibitors on A549 cells, which decreases cytokine
secretion, and ii) the enhanced exposure of molecules on the
live yeast surface, which stimulates higher levels of cytokine
secretion by A549 cells. Expression of molecules on the
surface of P. brasiliensis following treatment with MAPKs
inhibitors is under current investigation in our laboratory.
Differences in the relative IL-6 and IL-8 levels were
observed when we compared results obtained with culture
supernatants of A549 cells incubated with formaldehyde-fixed
and live P. brasiliensis. Usually, it is expected a decrease of
cytokine secretion by host cells that were incubated with
pathogens fixed with formaldehyde [31,32]. Therefore, we
were surprised when concentrations of IL-6 and IL-8 were
significantly higher in culture supernatants of A549 cells
incubated with formaldehyde-fixed P. brasiliensis compared to
supernatants from A549 cultures incubated with live yeasts.
Pseudomonas aeruginosa, P. gingivalis, L. pneumophila
and Streptococcus pyogenes are examples of bacteria that
secrete proteases with the ability to degrade components of the
host immune system, such as proteins of complement system,
cytokine receptors, immunoglobulins and cytokines
[16,33e37]. Therefore, because IL-6 and IL-8 levels were
higher in A549-formaldehyde-fixed P. brasiliensis cultures, we
analyzed the ability of live P. brasiliensis yeasts to degrade IL-
6 and IL-8. Our Western blot results clearly show the degra-
dation of these cytokines by P. brasiliensis. Inhibition of hrIL-
6 and hrIL-8 degradation by this fungus using AEBSF and
aprotinin suggests that these proteolyses are mediated by P.
brasiliensis serine proteases. Furthermore, degradation of IL-6
and IL-8 may be carried out by two different proteases
because only IL-6 degradation was inhibited by leupeptin and
formaldehyde fixation.
In addition to hrIL-6 and hrIL-8 degradation, we observed
that a small amount of these cytokines bound to P. brasiliensis
(less than 7% of the total recombinant cytokine on the assay)
(data not shown). Moreover, we were not able to detect the
activity of proteases that degrade IL-6 and IL-8 in culture
supernatants of P. brasiliensis grown in DMEM (data not
show). This observation may be a result of low concentrations
of these enzymes in the supernatants. Therefore, at this
moment, we are not certain whether IL-6 or IL-8 proteases are
secreted by P. brasiliensis. In addition, because DMEM was
not complemented with serum in these P. brasiliensis cultures,
it is also possible that this fungus needs cytokines or other
stimuli to express these proteases. Another relevant result is
that formaldehyde-fixed yeasts are still able to degrade IL-8,
suggesting that this protease may be present on fungal surface.
It is generally accepted that formaldehyde fixation destroys
the functional activity of an enzyme. However, some groups
have described residual enzymatic activity in formaldehyde-
inactivated toxoids, such as tetanus toxoid (TTd) [38] and
toxoid from P. aeruginosa [39]. Thaysen-Andersen et al. [40]
also demonstrated that the active site of TTd is not modified
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a result of other formaldehyde-induced chemical modifications
on the protein. These authors also conclude that protein
modification by formaldehyde depends on the conformation of
the protein and reactant accessibility. In this manner, it is
possible that degradation of IL-8 by formaldehyde-fixed
P. brasiliensis results from an enzyme, which has an active
site that is not modified by fixation.
In summary, we demonstrated that live and formaldehyde-
fixed P. brasiliensis yeasts promote IL-6 and IL-8 secretion by
lung epithelial A549 cells, which is dependent on activation of
p38 MAPK and ERK 1/2. Our results also indicate that the
final concentration of these cytokines in A549-live
P. brasiliensis cultures reflects a balance between IL-6 and
IL-8 production by epithelial cells and degradation of these
cytokines by fungal proteases. Recently, Lopera et al. [41]
described different stages of histopathology and cytokines in
lungs of BALB/c mice during a time course infection with
P. brasiliensis (2 h up to 16 weeks). After 2 h of infection, they
observed increased levels of several cytokines (“cytokine
burst”), including IL-6, and an infiltration of neutrophils and
macrophages. At the end of the experimental infection (16
weeks), it was verified basal cytokine levels (except for PDGF
e platelet-derived growth factor; MIG emonokine induced by
IFN-g; RANTES-regulated upon activation, normal T cell
expressed and secreted- and IL12p40) and a decrease in
inflammation with the presence of pseudotumoral masses
containing P. brasiliensis yeasts [41]. Because IL-8 is an
important chemokine in neutrophil-mediated acute inflam-
mation and IL-6 is an inflammatory cytokine that controls
leukocyte recruitment, activation, and apoptosis [42,43] by
expressing proteases that degrade these cytokines, an attractive
hypothesis is that P. brasiliensis may modulate some infection
stages, leading to a chronic and more limited inflammation.Acknowledgments
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